Purpose Successful embryo implantation depends on trophoblast proliferation, migration and, lastly, invasion of the endometrium (to anchor the trophoblast to the uterus). This invasion is mediated by locally produced soluble factors. Of these, vascular endothelial growth factor (VEGF) is the best characterized regulator of angiogenesis. Here, we investigate the association between the VEGF+405 C/G genotype and the recurrence of embryo implantation failure in women undergoing in vitro fertilization (IVF) program with intracytoplasmic sperm injection (ICSI). Methods Forty women with recurrent implantation failure defined by absence of pregnancy after transfer of more than 10 embryos and 131 women control, with at least one live birth after the transfer of fewer than 10 embryos were included. Genomic DNA was analysed with an allele-specific polymerase chain reaction and a Chi-2 test was used to compare the respective VEGF+405 C/G genotype frequencies in cases and controls. Results The frequency of the VEGF +405C/C genotype was higher in women with recurrent implantation failure after ICSI-embryo transfer than in controls (17.5 % and 5.3 %, respectively, p00.01). Conclusion The VEGF +405 G/C polymorphism may influence embryo implantation and VEGF+405 C/C genotype may predispose to recurrent implantation failure after ICSI-ET.
Introduction
Recurrent implantation failure (RIF) following embryo transfer (ET) is a major factor in the lack of a clinical pregnancy after several IVF/ICSI attempts. The causes of RIF are still poorly known. A variety of aetiologies have been suggested: decreased endometrial receptivity, embryonic defects and multifactorial causes. Various uterine pathologies (such as a thin endometrium and the altered expression of cell adhesion molecules and immune factors) may decrease endometrial receptivity, whereas male or female genetic abnormalities, sperm defects, embryonic aneuploidy and zona hardening are cited among the embryonic causes of implantation failure. Endometriosis and hydrosalpinx may influence both endometrial receptivity and implantation [27] . Furthermore, it has been suggested that the abnormal maternal expression of genes associated with angiogenesis, immunity and apoptosis interferes with successful implantation [13, 30, 37] .
Embryo implantation is a multifactorial event that depends on interplay between the blastocyst and the receptive endometrium. The process consists of molecular signalling by the embryo, followed by apposition and attachment to the endometrium. After the formation of a foetal-maternal interface [41] , the critical second step involves invasion of the endometrium by the embryo. This invasion is associated with endometrial angiogenesis, which is promoted by numerous inducers and growth factors. Of these, vascular endothelial growth factor (VEGF) increases vascular permeability and induces endothelial cell proliferation, migration and differentiation and capillary formation [8] .
The VEGF gene is located on chromosome 6p21.3 and comprises eight exons. Several single nucleotide polymorphisms (SNPs) have been found in the VEGF gene. Some SNPs (such as VEGF −2578 A/C (in the promoter region), −1154 G/A (also in the promoter region), +405 G/C (in the 5′-untranslated region) and 936 C/T (in the 3′-untranslated region)) are associated with altered VEGF expression [4, 22, 33, 42] . Dysregulation of VEGF expression is implicated in many disease situations in which angiogenesis may be critical, such as breast cancer progression [17] , cardiovascular disease [34] , essential hypertension [14] and psoriasis [44] .
In the field of reproduction, researchers have examined the role of VEGF polymorphisms on embryo implantation. An association between VEGF −1154 G/A polymorphism and RIF after IVF-ET has been evidenced [13, 30] . Furthermore, the C allele of +405 G/C has been proposed as a candidate SNP associated with the pathogenesis of several female reproductive tract diseases, such as pre-eclampsia [2] , endometriosis [11] , recurrent pregnancy loss [7] and ovarian hyperstimulation syndrome following controlled ovarian hyperstimulation [15] .
Given the important role of angiogenesis in embryo implantation, we decided to examine the association between VEGF polymorphisms (+450 G/C) and the susceptibility to RIF by comparing women who became pregnant after transfer of fewer than 10 embryos in an ICSI program (controls) with women with RIF.
Materials and methods

Patients
The study was approved by an independent ethics committee and was performed in accordance with the Declaration of Helsinki. All the women provided their prior, written, informed consent to participation.
A total of 171 patients (Table 1) , ongoing ICSI-ET programme for male infertility or IVF failure without ICSI, were included and divided in two populations, according to their embryo implantation history. The condition of ovarian stimulation and embryo transfer were similar for all patients.
Forty women with a history of RIF after an ICSI-ET programme (defined in this study as a failure to achieve a pregnancy following 2 to 6 IVF cycles, in which more than 10 high-grade embryos were transferred to the uterus [39] . The control group comprised 131 women with at least one live birth after the transfer of fewer than 10 embryos. Women with at least one live birth after the transfer of more than 10 high grade embryos or those who failed to achieve pregnancy after the transfer of fewer than 10 embryos were not considered.
Before the ICSI procedure, all patients had been extensively evaluated in terms of their personal and family medical history, clinical and serological status, hysterosalpingography, day-three hormone profile (FSH, luteinizing hormone and oestrogen) and karyotype. The study's exclusion criteria included prior chemotherapy, unilateral ovariectomy, maternal diethylstilbestrol treatment, an abnormal karyotype, any identified genetic abnormalities, fewer than 10 embryos transferred (for unpregnant women) and more than 10 embryos transferred (for pregnant women).
DNA preparation
A blood sample for DNA analysis was collected from each patient. Genomic DNA was extracted using the Wizard® Genomic DNA Purification Kit (Promega, Southampton, UK), according to the manufacturer's protocol. Genotyping was performed from IVF procedures had been completed.
Primer design
Primer pairs were designed using Primer3 online software (www.ncbi.nlm), as follows: forward primer 1, CTCACTTTGCCCCTGTCG; forward primer 2, CTCACT TTGCCCCTGTCC; reverse primer, GAGGCGCAGCGGT TAG. The allele-specific forward primers 1 and 2 were synthesized by Eurogentec (Seraing, Belgium) and marked with 6-carboxyfluorescein (FAM, blue colour) and 
Genotyping
Polymerase chain reaction products were diluted 1:10 in sterile water and 1 μL of this dilution was added to 19.5 μL formamide (Applied Biosystems) and 0.5 μl ROX 500 size marker (Applied Biosystems) in 96-well PCR plates. The samples were denatured for 3 min at 95°C and analyzed by capillary electrophoresis using an ABI Prism 3100 genetic analyzer (Applied Biosystems). Allele interpretation was performed with Genemapper® v.3.1 software (Applied Biosystems) (Fig. 1 ).
Statistics
The association between groups and genotypes was analyzed using odds ratio (OR) with 95 % confidence intervals (95 % CI). Statistical tests (two-tailed) with a less than 5 % P-value were considered as significant. The Mann-Whitney U-test was used to analyze patients characteristics. Deviations from the Hardy-Weinberg equilibrium were assessed by means of a Chi-2 test.
Results
The participants' mean age and hormone levels prior to the first ICSI attempt in our centre are described in Table 1 , and men sperm characteristics summarized in Table 2 .
In Table 1 , the estradiol level was significantly higher in group of women with RIF compared to the control group (58.0±24.3 UI/L vs 40.3±21.6 UI/L, respectively, p00.002), but this value was in the standards. In Table 2 , sperm characteristics were statistically different, sperm numeration and normal morphology rate were higher in RIF group.
As expected, mean embryos transferred per women was significantly higher in RIF group compared with control (14.1±4.0 vs. 4.5±2.6, respectively, p00.0001). At the opposite, mean embryo implanted per women was significantly lower in RIF group compared with control (0 vs. 1.4±0.5, respectively, p00.0001).
The respective frequencies of the VEGF +405 G/C polymorphism in women with RIF and control patients are presented in Table 3 . There was a statistically significant difference between the two groups. A higher frequency of the VEGF +405 C/C genotype was found for women with RIF, when compared with control women with at least 1 embryo implanted and less than ten embryos transferred (17.5 % and 5.3 %, respectively, OR 03.72, 95 % CI [1.03 ; 13.42], p00.01). Concerning allele frequency, no statistical difference was observed (p00.09). These polymorphisms were in Hardy-Weinberg equilibrium, with a 1 % error interval. 
Discussion
In the present study, we investigated the potential association between the VEGF +405 G/C gene polymorphism and RIF. The VEGF +405 G/C polymorphism is located within the 5′-untranslated region and leads to a difference in VEGF expression, with the lowest production observed for the C/C genotype [42] . This polymorphism may impact all VEGF mechanisms and it has been associated with susceptibility to many diseases [14, 17, 34, 44] . As IVF program clearly impact embryo implantation, we defined a control group with similar IVF program and not a group of fertile women having at least two live births with no history of IVF intervention. If female characteristics were similar in our two groups, man sperm quality was statistically different, but surprising better in RIF group, excluding an impact of standard sperm characteristics to explain the implantation failure in our series.
Vascular endothelial growth factor is a potent angiogenic factor and is involved in vasodilatation, vascular permeability and anti-apoptosis [3, 9] . It also plays a critical role in oocyte maturation, decidualized endometrial vascularization, embryo implantation/development and placenta angiogenesis/vascularization in early gestation [16, 24, 25, 47] . Inadequate angiogenesis is known to be associated with RIF in both animal [40] and human studies [21] . In the present study, women with RIF had a higher frequency of the VEGF +405 C/C genotype (resulting in lower VEGF expression) than control patients did. Our data confirm the importance of VEGF's role in embryo implantation.
Expression of VEGF in the human endometrium can be observed during the mid-secretory phase [38] ; VEGF receptor 1 expression increases over the mid-secretory phase and VEGF receptor 2 expression peaks in the late proliferative phase [26] . Expression in the endometrium during the menstrual cycle is regulated by ovarian steroids, including oestrogen and progesterone. The clinical consequences of an impaired VEGF-VEGF-receptor system on assisted reproduction are not clear, although an impact on embryo implantation could legitimately be hypothesized. Given that RIF is a defect of embryo invasion, it could be regarded as a part of a group of diseases associated with abnormal cytotrophoblast invasion (such as pre-eclampsia and pregnancy loss). A higher than average frequency of the VEGF +405 C allele has been observed in these pathologies. This polymorphism is associated with inadequate angiogenesis, which could lead to human embryo implantation failure. Hence, one can hypothesize that VEGF +405 C allele predisposes to RIF.
In IVF, between days 4 and 6 of the luteal phase in a spontaneous menstrual cycle, VEGF expression in endometrium patients is higher in pregnant women compared with nonpregnant ones. This suggests that high levels of endometrial VEGF expression are related to successful implantation [19] .
Furthermore, higher serum concentrations of VEGF on the day of oocyte retrieval in an IVF cycle were predictive of subsequent pregnancy [6] . As observed in mice [36] , recombinant FSH treatment also seems to reduce serum VEGF concentrations in humans [6] .
As VEGF+405C/C genotype is associated with lower VEGF expression [42] , our data suggest that this genotype hampers angiogenesis and embryo invasion and thus predisposes women included in an ICSI program to RIF. Furthermore, in early pregnancy, peripheral blood mononuclear cells (PBMCs) regulate (along with hCG) corpus luteum function after embryo implantation and thus directly affect embryo outgrowth into the endometrium. The intrauterine administration of autologous PBMCs reportedly improves pregnancy rates for patients with RIF after ICSI-ET [29] . The C allele has been reported to affect VEGF production by lowering transcriptional activity in PBMCs. It is not known whether either embryonic or uterine VEGF or factors released by PBMCs are responsible for the higher incidence of RIF, pre-eclampsia and recurrent pregnancy loss.
Vascular endothelial growth factor is also produced by the invading blastocyst and induces vasodilatation and angiogenesis. Both VEGF and its functional receptor (flt-1) are expressed by the trophoblast, especially by the invasive first trimester extravillous cytotrophoblast, suggesting that VEGF helps to regulate trophoblast proliferation, migration/invasion and metabolic activity [5] . Our hypothesis is supported by the observation of a higher frequency of the VEGF +405 C/C genotype in spontaneously aborted foetuses [18] . Given that the blastocyst itself has been shown to be a source of VEGF at the time of implantation, it would be interesting to examine whether the occurrence of RIF correlates with partner genotypes. Indeed, a G/G genotype in the partner could modulate the decrease in endometrial VEGF, since all the embryos will have a G/C genotype. Conversely, an increase in RIF might be seen with C/C genotype partners. Furthermore, VEGF is expressed by follicular granulosa and theca lutein cells [20] . The production of angiogenic factors by granulosa cells may help (i) maintain the vasculature and yield a healthy pre-ovulatory follicle and (ii) recruit blood vessels into the early corpus luteum [31, 46] . However, thecal production of angiogenic factors is probably responsible for the follicular vascularisation that enables the follicle to grow and develop [32] .
Ovarian angiogenesis is regulated independently in each follicle [10] . Selected follicles have a more elaborate vasculature [35] and a highest vascular density than other follicles. It has been suggested that a highly developed follicular vasculature is required to deliver hormones and their precursors, oxygen and nutrients and could have an important role in the selection and growth of the dominant follicle [12, 32, 43, 45] . Thus, greater vascularity may be a primary determinant of follicular dominance. Conversely, low vascularity may limit atretic follicles' access to nutrients, substrates and hormones in vivo [28, 32] . These data indicate that an active blood supply seems to be essential for obtaining high-oocytes quality [10] . Indeed, defects in ovarian angiogenesis may contribute to a variety of disorders, including anovulation, polycystic ovary syndrome [1] and ovarian hyperstimulation syndrome [23] .
We could hypothesize that low implantation rates could be also due to the dysfunctional ovarian angiogenesis which impaired oocyte quality and finally may be lead to RIF.
In conclusion, our study is the first to show that the VEGF +405 C/C genotype, which has been previously reported to be associated with lower VEGF expression [42] , may serve as a predictive factor of RIF after IVF.
